Organic groups are grafted to ∼250-nm-diameter MCM41 nanoparticles with a spherical morphology to enhance the CO-water volumetric mass-transfer coefficient (kLa) for synthesis gas fermentation. The results indicate that (i) ∼250-nm MCM41 nanoparticles show a higher kLa value than large silica particles (1.4 and 7 μm), (ii) surface hydroxyl groups on MCM41 nanoparticles play an important role in mass-transfer enhancement, (iii) organic groups grafted to MCM41 modify the mass-transfer enhancement, and (iv) mercaptan groups grafted to MCM41 show the most mass-transfer enhancement of ∼1.9 times that of no nanoparticle addition. The CO-water mass-transfer enhancement depends on the interaction between the nanoparticles and the CO molecules, which is influenced by the hydrophobicity of the nanoparticles and the functional group on the nanoparticles.
Introduction
Synthesis gas (syngas) derived from the gasification of coal, natural gas, or biomass is composed primarily of carbon monoxide (CO) and hydrogen (H 2 ), which can be fermented using microorganisms (e.g., Rhodospirillum rubrum) to produce a variety of fuels and chemicals such as ethanol, methane, and acetic acid. [1] [2] [3] [4] Therefore, syngas fermentation is a potential pathway for converting biomass to a variety of fuels and chemicals because of its low cost and potentially high efficiency.
The actual conversion efficiency depends on the microorganism and the desired product but can easily be 35% or higher. [5] [6] [7] [8] In syngas fermentation, carbon monoxide is the sole carbon source from which the microorganisms produce the desired chemicals. However, the solubility of CO in the aqueous medium is low, which minimizes the CO-liquid mass-transfer rate and limits the overall product yield. 2, [9] [10] [11] For syngas fermentation to be successful, CO-liquid mass-transfer rates must be enhanced. However, limited attention has been paid to unique approaches for enhancing CO-liquid volumetric masstransfer coefficients, which is the focus of this work.
In general, gas-liquid mass transfer is influenced by reactor type, power input, and system additives. Ungerman and Heindel 12 compared CO-water volumetric mass-transfer coefficients in a stirred-tank reactor using different impeller designs and schemes and found that the dual Rushton-type impeller scheme produced the highest volumetric mass-transfer coefficient. Compared to the standard (single) Rushton-type impeller scheme, the dual Rushton-type impeller scheme enhanced mass transfer by up to 27%. However, the dual Rushton-type scheme also required the most power input, which resulted in the lowest mass-transfer rate per unit power input. Others [13] [14] [15] [16] [17] [18] have added surfactants, alcohols, salts, and small particles to increase gas-liquid mass-transfer rates. Olle et al. 19 synthesized magnetite (Fe 3 O 4 ) nanoparticles coated with oleic acid and a surfactant and achieved a 600% enhancement in the oxygen-liquid mass-transfer rate in an agitated sparged reactor at nanoparticle volume fractions below 1%. Using an oxygen-liquid system, Littlejohns and Daugulis 17 determined that nylon-6,6 and glass beads enhanced the volumetric mass-transfer coefficient by up to 268%, whereas silicone rubber and styrene-butadiene copolymer particles reduced the volumetric mass-transfer coefficient. Others have also shown that gas-liquid mass-transfer coefficients can be enhanced through addition of small particles or catalysts. 14, 18 Beenackers and van Swaaij 20 reviewed the four possible mechanisms of gas-liquid mass-transfer enhancement when small particles are added to a system. Among them, the shuttle or grazing effect, in which small particles transport an additional amount of gas to the liquid bulk through adsorption in the gas-liquid diffusion layer and desorption in the liquid, is wellacknowledged. This method of enhancement is influenced greatly by particle size and surface characteristics (e.g., hydrophobic or hydrophilic). Although previous researchers using micro-and nanoparticles focused on enhancing oxygen-liquid mass transfer, [13] [14] [15] [16] [17] [18] this method can be extended to CO-liquid mass-transfer enhancement.
Mesoporous silica materials (MCM41) have extensive adsorption capability because of their large BET surface areas (∼1000 m 2 /g), and they can also be readily functionalized with organic groups to adjust the surface characteristics such as its hydrophobicity or hydrophilicity and acidity or basicity. [21] [22] [23] Hence, these materials are good candidates for enhancing the CO-liquid mass-transfer rate. In this work, MCM41 nanoparticles were synthesized with a spherical morphology and a diameter of ∼250 nm. Various organic groups such as methyl, carboxylpropyl, nitrilpropyl, and mercaptopropyl were then grafted to the MCM41 nanoparticles to adjust their surface properties with the intent of enhancing the CO-water volumetric mass-transfer coefficient (k L a).
Experimental Procedures

Synthesis of MCM41
Nanoparticles. MCM41 nanoparticles were synthesized following the procedures of Deng et al.; 24 only a summary is provided here. The nanoparticles were synthesized by first dissolving 1.2 g of cetyltrimethylammonium bromide (CTAB, Aldrich) into a mixture of 105 mL of deionized water and 45 mL of ethanol (100%). The solution was then stirred vigorously at 500 rpm while 2 mL of ammonium hydroxide (Sigma-Aldrich) was added. The solution was heated to 30°C, 5.46 mL of tetraethyl orthosilicate (TEOS, 98%) was then added, and the mixture was stirred at 500 rpm for 3 h at 30°C. The resulting slurry was filtered with a 4-5.5-µm Buchner funnel with a fritted disk, washed with ethanol, and then allowed to dry overnight at room temperature. The dried particulate cake that formed was ground with a mortar and pestle, sonicated for 1 h in approximately 200 mL of ethanol, refiltered, and dried overnight. The as-synthesized sample was then refluxed in 150 mL of acid/ethanol solution per gram of sample at 60°C for 6 h to remove any remaining surfactant (CTAB). The acid/ethanol solution was derived from HCl diluted in ethanol (1:100 v/v). This extraction procedure was repeated twice. Finally, the sample was again filtered with a 4-5.5-µm Buchner funnel with a fritted disk, washed with ethanol, and dried overnight at 90°C.
2.2. Synthesis of Functionalized MCM41 Nanoparticles. In the present work, methyl (Me), aminepropyl (AP), carboxylpropyl (CP), nitrilpropyl (NP), mercaptopropyl (MP), and mercaptoundecyl (MU) groups were grafted onto the MCM41 nanoparticle surface. During the MCM41 synthesis procedure described in the preceding section, the requisite amount of silane with the desired organic group was added into the mixture after the prehydrolysis of TEOS after about 30 min of stirring. The samples are denoted in this study as XXMCM41(x: y), where XX represents the desired organic group and x:y represents the molar ratio of the respective organic group to TEOS. For example, MeMCM41(1:9) represents methyl groups grafted to MCM41 nanoparticles at a molar ratio of 1 part MeTEOS to 9 parts TEOS.
2.3. Nanoparticle Characterization. Brunauer-Emmett-Teller (BET) surface areas were measured on a Micromeritics ASAP 2020 system, and the resulting pore volumes and pore size distributions were calculated by the BET and Barrett-Joyner-Halenda (BJH) methods, respectively. The measurements were taken at -196°C. All samples were degassed at 100°C for 5 h before measurement. The hydrophobic property was characterized on a Perkin-Elmer TGA7 instrument by the mass loss of water physically adsorbed on the samples. Scanning electron microscopy (SEM) images were recorded on a JEOL 840A instrument using the gold-coating sample preparation procedure. Nanoparticle size distributions (PSDs) were measured on a Malvern ZETA SIZER Nano-ZS90 instrument.
In situ Fourier transform infrared (FTIR) spectroscopy of CO adsorption was carried out on a Nicolet 5700 FTIR instrument (Thermo Electron Corporation) at 4 cm -1 resolution. A thin, but intact, self-supporting sample wafer (∼15 mg) was prepared following the procedure of Zhu et al. 25 and mounted inside a high-temperature cell. The wafer was pretreated at 100°C for 1 h by flowing N 2 over the wafer surface to remove any physically adsorbed water and then cooled to room temperature. Subsequently, CO was introduced into the high-temperature cell and kept at atmosphere pressure for 30 min. The sample wafer was then heated to 100°C and finally cooled to room temperature under a N 2 stream. The resulting spectra were recorded at several temperatures of interest.
Determination of CO-Water Volumetric Mass-Transfer Coefficients (k L a).
CO-water volumetric masstransfer coefficients were measured in a 250-mL microreactor filled with 200 mL of nanopure water (Figure 1 ). For all experiments in this study, a stir bar was agitated with a magnetic stirrer at a constant speed of 300 rpm, and the CO flow rate was held constant at 180 mL/min. The CO-water k L a values were determined by introducing a step change in CO concentration and then measuring the dissolved CO concentration as a function of time. N 2 was initially sparged through the microreactor gas inlet for 20 min before the gas was switched to CO. A single 10-µL liquid sample was withdrawn every 30 s from the sample port using gastight syringes from Hamilton; 13 liquid samples were collected for each test. After 20 min of CO sparging, three additional CO samples were collected to determine the steady-state (saturated) dissolved CO concentration. Dissolved CO concentrations were determined using a myoglobin-protein (Sigma-Aldrich) assay following the technique refined by Jones. 26 A Cary-50 Bio spectrophotometer from Varian (Mulgrave, Victoria, Australia) was used to assess the dissolved CO concentration in the liquid samples.
The effect of nanoparticle addition on the CO-water volumetric mass-transfer coefficient was determined in the same vessel. The desired nanoparticle concentration was dispersed via sonication into 3 mL of deionized water. CO-water volumetric mass-transfer coefficients without nanoparticles (k L a 0 ) were recorded as a reference for each sample. A syringe was then used to remove 3 mL of liquid, and 3 mL of the desired nanoparticle concentration was added to the microreactor through the nanoparticle solution inlet port. The CO-water volumetric mass-transfer coefficient with nanoparticles (k L a p ) was then determined following the procedure described above. The enhancement in CO-water mass transfer (E) was defined as
Error Quantification.
For the given experimental conditions, the percent standard error values in k L a for the CO-water-only system was estimated to be 7.6%, based on nine samples. The major sources of error in the reported k L a values derive from the measurement of dissolved CO concentrations. These measurements are influenced by the potential for gas entrainment in the sampling syringe, the limited number of samples in the k L a determination, and the lack of automation in the measurement procedures. Gas entrainment in the syringe would produce concentration values much higher than expected (i.e., the concentration did not gradually increase with time and one concentration value was much higher than all the rest); these readings were discarded. The k L a values were determined from at least 13 concentration measurements as a function of time, which were adequate assuming a first-order response. Finally, by refining the sample acquisition techniques, the impact of nonautomated sampling was minimized. It was assumed that the errors in the k L a measurements were similar when nanoparticles were added to the system. Figure 2 shows SEM images of MCM41 nanoparticles without and with methyl groups grafted to the particles. The particles in Figure 2A ,B have a spherical morphology with a diameter of ∼250 nm, which was supported by particle size distribution measurements. After different methyl group loadings were grafted onto the MCM41 particles, yielding MeMCM41(1: 9) ( Figure 2C ) and MeMCM41(3:7) ( Figure 2D ), the resulting particles had a morphology and size similar to those of the MCM41 particles. As shown in Table 1 , the BET surface areas of MCM41 and the various MeMCM41 samples were ∼1300 m 2 /g. These results suggest that the grafting of various loadings of methyl groups onto MCM41 nanoparticles has a negligible effect on particle morphology, size, and surface area compared to pure MCM41 nanoparticles for the current synthesis conditions. Figure 3 shows that the CO-water volumetric mass-transfer enhancement was influenced by the silica particle size and nanoparticle preparation procedures. When the surfactant involved in the MCM41 synthesis was removed by extraction, enhancement increased from 1 to 1.55 as the nanoparticle concentration increased from 0 to 0.4 wt %. For large silica particles with diameters of 1.4 and 7 µm, the maximum enhancements were 1.29 and 1.01, respectively, when the particle concentration was 0.4 wt %. The different mass-transfer enhancement values between the nanoparticles and the large silica particles might be due to the resulting surface areas. For example, the BET surface area of the large silica particles (7 µm) was 165 m 2 /g, which is much smaller than the BET surface area for the MCM41 nanoparticles. In general, the larger the silica particle surface area per unit mass, the more CO that can be physically adsorbed. Alternatively, the higher geometric surface area of nanoparticles relative to their volume might be responsible for the differences shown in Figure 3 . Figure 3 , the particle preparation procedure can also influence the resulting mass-transfer enhancement. The surfactant utilized in the MCM41 preparation can be removed by extraction or calcination. 27,28 After calcination at 500°C for 5 h with a ramp of 1°C/min, the MCM41 nanoparticles retained their mesoporous structure, but as measured, their BET surface area decreased by ∼10%. However, the maximum enhancement dropped dramatically from 1.55 for MCM41 nanoparticles after extraction to 1.11 for MCM41 nanoparticles after calcination. Extracting the surfactant from the MCM41 nanoparticles retained more surface hydroxyl groups because the process was carried out at a lower temperature (<100°C). In contrast, calcination at a high temperature (500°C) diminished the number of hydroxyl groups on the MCM41 surface. 29 Accordingly, the significant decrease in enhancement with the addition of MCM41 nanoparticles after calcination was primarily attributed to the removal of surface hydroxyl groups. Hence, surface hydroxyl groups play an important role in determining CO-water mass-transfer enhancement upon the addition of nanoparticles.
Results and Discussion
As shown in
As indicated by Beenackers and van Swaaij, 20 the enhancement of small particles in gas-liquid mass transfer could be influenced by the hydrophobicity of the small particles. In this work, various methyl group loadings were grafted onto the MCM41 nanoparticles to adjust the surface hydrophobicity to study its effect on CO-liquid mass-transfer enhancement. Figure  4 shows the enhancement of the CO-water volumetric masstransfer coefficient with various methyl group loadings as a function of nanoparticle concentration. MeMCM41(1:19) nanoparticles showed a continuous increase in enhancement with increasing nanoparticle concentration, with the highest value of E ) 1.61 when the nanoparticle concentration was 0.4 wt %. For samples with other methyl group loadings or at other nanoparticle concentrations, the mass-transfer enhancement was on the order of 10-20%, which was generally lower than that of pure MCM41 nanoparticles. The notable exception was the MeMCM41(1:49) material, which actually decreased the mass transfer (i.e., E < 1).
The results above indicate that CO-liquid mass-transfer enhancement due to MCM41 nanoparticle addition is influenced by the hydroxyl groups on the nanoparticle surface. Because CO molecules can interact with, and be adsorbed by, hydroxyl groups, the extent of CO-liquid mass-transfer enhancement should depend on the number of hydroxyl groups exposed to a CO gas bubble. The number of hydroxyl groups on the nanoparticle surface is related to the methyl group loading and can be estimated by measuring the amount of water desorption from the nanoparticles by thermogravimetric analysis (TGA). 28 When different methyl group loadings were grafted onto MCM41 nanoparticles, as presented in Table 1 , the physically adsorbed water on MeMCM41 increased from 4.0 to 4.4 wt % as the MeTEOS/TEOS molar ratio increased from 0 to 1:19; it then decreased from 4.4 to 2.8 wt % as the MeTEOS/TEOS molar ratio increased from 1:19 to 3:7 because of the hydro-phobicity imparted by the methyl groups. When compared to pure MCM41 nanoparticles, more water was physically adsorbed on the MeMCM41(1:19) nanoparticles (4.0 wt % compared to 4.4 wt %). Because the methyl groups created locally hydrophobic regions on the MeMCM41 (1:19) surface, the surface area for physically adsorbed water was much lower than that for pure MCM41 nanoparticles. Given the increase in physically adsorbed water, it is proposed that the adsorbed water on the MeMCM41(1:19) surface formed in multiple layers, as schematically shown in Figure 5 , that were thicker than that with the MCM41 surface. Potentially, the physically adsorbed water multilayers saturate the surface hydroxyl groups and thereby inhibit the interaction between the surface hydroxyl groups and the CO molecules. Assuming that Figure 5 represents the physical situation, only hydroxyl groups in the hydrophobic neighborhood around the methyl groups would be exposed to the CO bubble and would be active in adsorbing CO from the bubble. For MeMCM41(1:49) , the water desorption was 14.3 wt %, which was much higher than that of the other samples and was possibly caused by water entering the pore region. In general, the grafted methyl groups would be located around the pore mouth because of the interaction between the methyl groups and the surfactant; this results in the blockage of water from entering the pore. For the sample with the very low methyl group loading, water could enter the pore and be adsorbed on the inner surface, which led to the increase in water adsorption for MeMCM41(1:49). Hence, the amount of active hydroxyl groups on the surface was less than that on pure MCM41 nanoparticles, which led to the dramatic decrease in CO mass-transfer enhancement from 1.55 to 0.93. When the methyl group loading increased to 1:19, the enhancement in CO mass-transfer rate was 1.61 because of the increase in the number of active hydroxyl groups around the hydrophobic methyl groups. However, when the methyl group loading was increased further to 1:9, 2:8, and 3:7 [i.e., MeMCM41(1:9), MeMCM41(2:8), and MeMCM41 (3:7) , respectively], the nanoparticle surface was excessively hydrophobic and most of the nanoparticles merely floated on the water surface; this inhibited the shuttle effect of the nanoparticles and led to the decrease in the CO mass-transfer rate enhancement.
When other organic groups were grafted onto the MCM41 nanoparticles, the extent of CO-water mass-transfer enhancement was found to be a function of nanoparticle concentration, and for the conditions of this study, the strongest enhancement always occurred at the highest nanoparticle concentration (0.4 wt %). Figure 6 shows these results at a particle concentration of 0.4 wt %. When aminepropyl (AP), nitrilpropyl (NP), and mercaptopropyl (MP) groups were grafted onto the MCM41 nanoparticles, the results were similar to those obtained with methyl groups grafted onto the nanoparticles; i.e., the enhancement first decreased, then reached a maximum when the propyl group molar loading was ∼5%, and then decreased with subsequent increases in propyl group loading. These results were similar to the methyl group results because the propyl groups exhibit similar hydrophobic characteristics. The notable exception to these trends was the mercaptoundecyl (MU) group, where MUMCM41(1:49) gave a much stronger enhancement than the other groups at this loading. The propyl group has three carbon atoms, whereas the undecyl group in mercaptoundecyl has 11 carbon atoms. Additionally, the undecyl group has a much larger volume than the propyl group; this increased the number of active hydroxyl groups around the undecyl group, producing an enhancement for this loading. Figure 7 shows the enhancement of CPMCM41, MPMCM41, and MUMCM41 when the grafted organic group had a molar loading of 5%. The error bars for the MPMCM41(1:19) data represent one standard deviation from three replicate measurements. The CPMCM41 nanoparticles gave a much lower enhancement (∼1.05) compared to pure MCM41 nanoparticles. The grafted carboxylpropyl group contains a terminal carboxyl group, which has a strong hydrophilic tendency. These carboxyl groups on the MCM41 surface adsorbed more water; this led to the nanoparticle surface being completely covered with water, thereby inhibiting the interaction between the surface hydroxyl groups and CO. Hence, the CPMCM41 nanoparticles could not effectively adsorb CO from the gas bubbles and showed a negligible increase in the CO mass-transfer rate.
The maximum enhancements with MPCM41 and MUM-CM41 nanoparticles were 1.91 and 1.94, respectively, which were higher than that of pure MCM41 nanoparticles. Both of these groups contain terminal mercaptan groups. Therefore, the increased enhancement appears to be related to the presence of mercaptan groups on the nanoparticle surface. Chakarov and Ho 30 investigated the interaction between CO and H 2 S on a metal surface under ultrahigh-vacuum conditions. They suggested that CO can react with surface mercaptan groups generated from the decomposition of H 2 S and form adsorbed OCS species. Similarly, the mercaptan groups on the MP-MCM41 and MUMCM41 nanoparticle surface seemed to contribute to the adsorption of CO, which increased the CO mass-transfer rate.
It is difficult to verify the interaction between CO and the nanoparticle surface in water under the current experimental conditions because the adsorbed CO species is very unstable in water. However, the interaction between CO and the nanoparticle surface under dry conditions can be characterized by FTIR analysis using a thin, self-supporting wafer of the desired material. These results were very helpful in understanding the nanoparticle role in enhancing the CO-water mass-transfer rate. CO adsorption FTIR spectra were taken for three typical wafer samples. Figure 8 shows FTIR results for CO adsorption on MCM41, NPMCM41(2:8), and MPMCM41(2:8) wafers. The samples were all pretreated at 100°C for 1 h in a N 2 stream to remove physically adsorbed water. Each sample was then cooled to room temperature, and CO was introduced to the system. As indicated in Figure 8 , the FTIR spectra of the surface in N 2 at room temperature is identified by "r.t.". Starting at 25°C, the spectra were taken after CO addition. After CO adsorption, a new band at ∼2041 cm -1 appeared in all three samples. Chin et al. 31 suggested that this band is from CO bonded linearly to the surface. Toledo-Antonia et al. 32 attributed this band to C n+1 O 2-n+2 oligomeric species on the surface. Sirita et al. 33 suggested that this band corresponds to the adsorption of surface carbonyls. Despite the various opinions as to the origins of this band, it can still be concluded that the band at ∼2041 cm -1 originates from adsorbed CO species on the surface. When the samples were heated from 25 to 100°C, the band diminished in intensity until it disappeared, which indicates that the adsorbed CO species was not very stable and decomposed with minor heating. The adsorbed CO species was influenced by the organic group grafted to the MCM41 surface. For the MCM41 wafer, the band attributed to an adsorbed CO species disappeared at ∼75°C. However, after nitrilpropyl or mercaptopropyl groups were grafted to the MCM41 surface, the stabilization of this adsorbed CO species differed. The band attributed to an adsorbed CO species on the MPMCM41 wafer could still be detected at 100°C (Figure 8c ), which suggests that the adsorbed CO species on the MPMCM41 surface was more stable than that on the MCM41 surface. In contrast, the adsorbed CO species on the NPMCM41 wafer disappeared at ∼50°C (Figure 8b) , and the band intensity was weaker than those of the MCM41 and MPMCM41 surfaces. This suggests that, for the three nanoparticle types simulated for the FTIR studies, the adsorbed CO species was most stable on MPMCM41 and least stable on NPMCM41. The band for the adsorbed CO species for MPMCM41 was also much stronger than that for MCM41 or NPMCM41, suggesting that MPMCM41 can also adsorb more CO than MCM41 or NPMCM41 under the current experimental conditions. This result is helpful in explaining the strongest CO-water mass-transfer enhancement when mercaptopropyl or mercaptoundecyl groups are grafted onto MCM41 nanoparticles compared to other organic groups grafted onto MCM41. Hence, it is hypothesized that, when mercaptopropyl or mercaptoundecyl groups are grafted onto the MCM41 nanoparticle, the nanoparticles adsorb more CO molecules when they contact the CO bubbles, and they release these CO molecules into the water. This "catch-and-release" mechanism results in the enhancement of the CO-water volumetric mass-transfer rate.
Conclusions
CO-water volumetric mass-transfer coefficients were enhanced by a factor of 1.55 when ∼250-nm MCM41 nanoparticles with a spherical morphology were added to the system at a loading of 0.4 wt %. Surface hydroxyl groups on the MCM41 nanoparticles played an important role in the mass-transfer enhancement, which adsorbed CO from the gas bubble and formed an adsorbed CO species. The adsorbed CO species was not very stable and readily decomposed and released CO into the water. When various organic groups were grafted onto the MCM41 nanoparticles, the interaction between the surface hydroxyl groups and the CO bubble was influenced by the functional groups. When hydrophilic groups such as carboxylpropyl were used, more water covered the nanoparticle surface and inhibited the interaction between the surface hydroxyl group and the CO gas bubble. If too many hydrophobic groups, such as methyl, aminepropyl, and nitrilpropyl groups, were grafted to the nanoparticle surface, it was difficult to disperse the nanoparticles in water, and diminished enhancement was observed. For the conditions of this study, the highest CO-water mass-transfer enhancement of ∼1.9 times was observed when mercaptopropyl or mercaptoundecyl groups were grafted to the MCM41 nanoparticle surface.
